Atypical hemolytic uremic syndrome and C3 glomerulopathy (dense deposit disease and C3 glomerulonephritis) are characterized as inappropriate activation of the alternative complement pathway. Genetic mutations affecting the alternative complement pathway regulating proteins (complement factor H, I, membrane cofactor protein and complement factor Hrelated proteins) and triggers (such as infection, surgery, pregnancy and autoimmune disease flares) result in the clinical manifestation of these diseases. A decade ago, prognosis of these disease states was quite poor, with most patients developing end-stage renal disease. Furthermore, renal transplantation in these conditions was associated with poor outcomes due to graft loss to recurrent disease. Recent advances in targeted complement inhibitor therapy resulted in significant improvement in disease remission, renal recovery, health-related quality of life and allograft survival.
INTRODUCTION

I
n this focused review of renal diseases caused by dysregulated alternative complement pathway (AP), we describe the essential components of AP, common sites of dysregulation, pathophysiology and clinical course related diseases, such as C3 glomerulopathy (dense deposit disease [DDD] and C3 glomerulonephritis [C3GN] ) and atypical hemolytic uremic syndrome (aHUS). At the end of the review, we focus the discussion on recent advances in therapy.
ALTERNATIVE COMPLEMENT PATHWAY
Complement system (CS) is an integral part of innate and adaptive immunity and plays a critical role in host defense against infections and nonmicrobial stressors. The functions of CS include removal of pathogens, mediating inflammation, recruitment of inflammatory cells and removal of damaged and apoptotic cells. It is composed of several proteins which are cleaved during the activation (Figure) . There are 3 pathways of activation: classical, lectin and AP. All the paths converge at a crucial stage of CS activation which includes generation of C3 convertase. C3 convertase cleaves C3 to C3a and C3b. C3b in combination with C3 convertase acts as C5 convertase which cleaves C5 to C5a and C5b. This ultimately generates terminal complement complex termed as membrane attack complex (MAC, composed of C5b-9). The effector functions of CS are mediated by C3a, C5a, C3b and MAC C5b-9. C3a and C5a are anaphylatoxins and induce vasodilatation, cytokine release and recruitment of leukocytes. C5a activates T cells and antigen-presenting cells. C3b is fixed in nearby cells where it keeps AP activation on at a low level. MAC forms a pore in the membranes of target cells which lead to apoptosis and lysis of cells. 1, 2 AP is inherently active at baseline at a low level by spontaneous conversion of C3 to C3b; c3b binds with factor B to generate more C3 convertase. To keep the AP activation at a low level, several soluble and membrane-bound proteins tightly control or inhibit C3 convertase activity, including complement factor H (CFH), factor I (CFI), and membrane cofactor protein (MCP, also known as CD46). Dysfunction of these regulatory proteins leads conversion of the low-grade AP activation to uncontrolled levels leading to disease states such as C3GN and aHUS. 2, 3 CFH is a soluble regulator of AP that is important in protecting the kidney. Factor H is comprised of 20 repeating structural domains (SCR). The complement inhibiting the function of CFH is performed by the Nterminus first 4 SCRs, whereas the other parts are involved in binding of factor H to the cell surface. The carboxyl terminus including SCR 19-20 binds to C3b and confers the ability to bind and protect endothelial cells. Five complement factor H-related proteins (CFHR 1-5) were identified that share structural and functional similarities to CFH. 4 These CFHR proteins compete with CFH for binding to C3b, a process known as CFH deregulation.
such as CFH that lacks membrane-bound regulators. DDD characterized by localized complement injury within GBM results from uncontrolled activation of AP regulators in fluid phase. However, aHUS results from AP dysregulation at the level of the cell membrane with impaired cell surface protection. The microvascular endothelium is targeted in aHUS. Hence, C3GN associated with fluid phase defect of AP manifests with low serum C3 levels, whereas aHUS with dysregulation at the membrane level demonstrates with normal C3 levels. 5 Reasons why the kidneys are more susceptible to complement injury include the presence of fenestrae in endothelial cells always exposing subendothelial tissues to complement activators. Furthermore, there appears to be lower baseline expression of complement regulators.
Dysregulation of AP Activation
The dysregulation of AP may be familial or triggered by external factors. A genetic or acquired defect in complement regulatory proteins, if severe enough, may lead to the disease process. On the contrary, a genetic mutation with incomplete penetrance might need an environmental trigger to initiate the disease process. The common environmental triggers are infections, vaccinations, immunosuppressive agents, antineoplastic agents, oral contraceptives, pregnancy and postpartum state.
Mutations in CFH are identified in 30% of cases of aHUS, most of these mutations affect the C-terminus membrane-binding region. Acquired defects in CFH are seen in the presence of autoantibody against CFH. These autoantibodies are identified in 5%-10% of cases of aHUS. Most of these antibodies attach to the C-terminus, leading to aHUS due to impaired binding to endothelial cells. There appears to be a predisposition to develop CFH antibodies in patients expressing deletion of CFHR 1/3 genes. Functional CFH deficiency by autoantibodies is seen in monoclonal gammopathies, where the monoclonal light chains act as the CFH inactivating autoantibody. 4, 6 Mutations affecting CFHR proteins lead to the generation of CFHRs with increased avidity to CFH leading to inactivation. CFI mutations are seen in approximately 12% of cases of aHUS. Mutations in MCP are identified in 15% of cases of aHUS. Activating mutations in factor B leads to resistance of C3 convertase to CFH. Gain-of-function mutations of C3 result in resistance of C3 convertase to CFI and are noted in up to 10% of cases of aHUS. Identifying the underlying mutation will assist in the management and also in the work-up of available living related donors; however, these results are not readily available, and in approximately 30% of cases of aHUS a particular mutation cannot be identified.
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C3 Nephritic Factor
C3 nephritic factor (C3Nef) includes immunoglobulin (Ig) IgG and IgM autoantibodies that bind to C3 and make it resistant to CFH and CFI-mediated degradation. Conditions associated with C3Nef are evidenced by low serum C3. C3Nef is associated with most DDD (80%) and C3GN (40%-50%). 8 
ATYPICAL HEMOLYTIC UREMIC SYNDROME
aHUS is a life-threatening systemic disease, which presents with a triad of acute renal failure, thrombocytopenia, and microangiopathic hemolytic anemia. Atypical HUS and thrombotic thrombocytopenic purpura (TTP) have common clinical manifestations. However, it is important for clinicians to distinguish between the 2 disorders as they differ entirely in pathophysiology and therapy. Another differential for aHUS is the classic HUS mediated by Shiga toxin-producing Escherichia coli infection (STEC-HUS). 9 Dysregulated AP activation leads to endothelial injury (swelling and hypertrophy) and microvascular thrombosis. The resulting narrowing of the arterioles and increased shear stress leads to intravascular hemolysis. Endothelial injury activates platelets leading to thrombosis and thrombocytopenia because of consumption. Impaired tissue perfusion leads to end-organ manifestations. Increased vascular permeability is noticed as a consequence of the generation of C3a and C5a (anaphylatoxins) and results in interstitial edema. Activation of the juxtaglomerular apparatus in the glomeruli presents with uncontrolled HTN. 10 Biopsy of the involved tissue reveals fibrin-rich thrombi with inflammatory infiltrate. Renal biopsy may be difficult in the setting of severe thrombocytopenia. EM shows endothelial swelling with microthrombi.
aHUS affects a wide age range of patients from childhood to octogenarians with a female preponderance in adults. Triggering factors are identified in 35%-70% of the cases, with predominant factors being pregnancy, diarrhea or respiratory illness. Extrarenal manifestations can be seen in 20% of the patients including and not limited to cardiac, neurological or gastrointestinal or hepatobiliary involvement (abdominal pain, nausea, vomiting, elevated liver enzymes, pancreatitis, etc.). Further, there is a predilection for pulmonary, ocular and digital ischemia. Most patients present with severe renal impairment with approximately 50-80% needing renal replacement therapy at diagnosis, and before anticomplement therapy, more than 50% of the patients progressed to end-stage renal disease (ESRD) within 1-year. Recurrence of aHUS is a very common postrenal transplant and presents with unexplained anemia, uncontrolled hypertension, proteinuria or acute renal failure.
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Laboratory data show evidence of hemolysis (elevated lactate dehydrogenase, anemia, low haptoglobin and schistocytes on peripheral smear), low platelet count (generally above 30,000/mL) in addition to elevated serum creatinine (generally above 1.7 mg/dL) at presentation.
Second pregnancy, especially in postpartum state, appears to be a common trigger for aHUS. It is important to distinguish this condition from HELLP syndrome (hemolysis, elevated liver enzymes, low platelet count) seen with severe preeclampsia. Autoimmune diseases such as lupus can trigger aHUS and need to be differentiated from thrombotic microangiopathy mediated by antiphospholipid antibody syndrome. Both solid organ and bone marrow transplant recipients are at risk for aHUS, associated with the use of calcineurin inhibitors (CNI) in most cases (approximately 70%). As the liver is the primary site of synthesis of complement regulatory proteins (CFH, CFI, factor B and C3), mutations in these proteins could be acquired via liver transplant and hence increase the posttransplant risk of aHUS. 12 Additional triggers include viral infections, vaccinations and drugs. Among the drugs, more prominent ones are CNIs, sirolimus and clopidogrel. 7 aHUS as an identified cause of ESRD accounts for approximately o1% of kidney transplantations (KTs) performed in the United States. Tanriover et al, 13 in an analysis of United Network for Organ Sharing (UNOS) database studied the outcomes of patients with HUS who received KT. In this analysis, pediatric KT with HUS had comparable outcomes with matched controls with non-HUS etiologies of renal failure. However, adults with HUS were identified to have inferior graft and patient survival. Patients with identified recurrent HUS posttransplant had 4-5-fold higher risk of increased graft loss and mortality compared to the group without recurrence. In this study, acute rejection was associated with HUS recurrence. The traditional association between CNIs and HUS in transplant recipients was not validated by this study. 13 Workup of a patient with aHUS involves identifying the underlying defect in AP. The workup includes genetic testing and autoantibody testing. Genetic tests include tests for mutations in genes that encode CFH, FI, MCP and CFHR 1-5 proteins. Checking for antibodies such as C3Nef, anti-FH and anti-FI should also be performed.
Outcome measures to be focused on while treating aHUS include improvement in thrombocytopenia (no decrease in platelet count, 425% from baseline), continued need for plasma therapy and renal function improvement. KT alone in cases of aHUS leading to ESRD is associated with risk of graft loss to recurrent disease as high as 80% within first 2 years. Hence KT should be considered with additional prophylactic measures to prevent graft loss from recurrent disease. Recombinant factor H would overcome this problem in situations with inherited or acquired CFH deficiency; unfortunately, this therapy is not available in the United States at present. There are the following 3 other approaches to overcome the recurrence risk with variable success rates:
(1) KT and plasma exchange (PE). Preoperative and postoperative and lifelong. Over time patients could become resistant and develop recurrence. This approach works in patients with low and functional deficiency of regulatory proteins (mainly in CFH) and the presence of CFH antibody; however it makes the clinical picture worse in cases with C3 and factor B gain-of-function mutation, is ineffective in patients with MCP mutation. (2) KT alone and C5 convertase inhibitor, eculizumab (EZ). This approach is successful in most cases, but the expense of EZ may be a limiting factor. (3) Combined liver-KT. It may cure CFH deficiency, but the surgery is associated with very high morbidity and mortality in aHUS cases and heavily relies on the use of PE and EZ perioperatively.
Replacement of Deficient Gene Products with Plasma Therapy
Identifying the mutations involved in the pathogenesis of aHUS would determine which patients would benefit from plasma therapy. Patients with mutations involving deficiency of AP regulatory proteins benefit from replacement of factors with plasma therapy. Patients might need lifelong plasma therapy. In contrast, plasma therapy is ineffective in patients with MCP mutations, as it is a membrane-bound protein and replenishing plasma with this protein would not offer protection to the endothelial cells. In patients with gain-of-function mutations in complement activating proteins (such as Factor B or mutant C3 convertase resistant to CFH), plasma therapy may be detrimental as it provides additional culprit substance to activate AP. In contrast to TTP, PE is not a definitive therapy for aHUS. It may correct the hematologic abnormalities, but remains ineffective in reversing the end-organ damage.
Liver Transplantation
Most complement regulatory proteins are produced in the liver; hence simultaneous liver-KT can correct several genetic abnormalities and missing complement proteins (CFH, CFI, C3 and CFB) in aHUS. Perioperative PE and EZ use is typically needed to overcome complement injury intraoperatively as well as to bridge the postoperative period till the newly transplanted liver establishes graft function. In experienced centers, the success rate of this approach is as high as 80%.
Elimination of Autoantibodies and Mutant Proteins
PE replenishes plasma with deficient proteins, removes autoantibodies or mutant proteins that activate the AP. The response to PE remains short lived and rebound complement activation is noted within 48 hours, hence ongoing PE is needed which poses risks with long-term central venous catheters, infection and highcost burden.
Immunosuppression
Theoretically, B cell suppressive therapy should reduce or eliminate autoantibody production. However, the effectiveness of this approach appears marginal. Traditional agents used are corticosteroids with or without cyclophosphamide and rituximab. This method is not supported by randomized controlled trials, and most of the evidence comes from single center case reports. Furthermore, the success rate of this approach appears to be marginal based on the high recurrence rate of the original disease in allograft recipients who are already immunosuppressed. Before EZ, immunosuppression was reserved for patients with rapidly progressing disease process.
Complement Inhibition
EZ is a recombinant, completely humanized monoclonal antibody (IgG) that binds with high affinity to the human C5 and effectively stops C5 cleavage and generation of MAC. EZ has revolutionized the treatment of aHUS with an effective role in preventing progression to ESRD. Earlier initiation of therapy is associated with better outcomes. A major side effect of EZ therapy is recurrent meningococcal infections (incidence o1%). Patients are mandated to receive the meningococcal vaccination in advance to therapy to reduce infection risk. Before subjecting a patient with aHUS to EZ therapy, it is recommended to rule out TTP with ADAMTS13 level as well as STEC-HUS with stool culture or PCR testing. Identifying the genetic abnormality leading to aHUS is not mandatory before EZ therapy.
Zuber et al 14 summarized the reports of 22 cases of aHUS treated with EZ, most of these patients had partial or no response to plasma therapy or were intolerant to plasma therapy. Results showed complete improvement in hematologic and extrarenal manifestations. Four (of 6) of the dialysis dependent patients were weaned off dialysis. Other patients with renal involvement showed significant improvement in serum creatinine. 14 In 2 open labeled, phase 2 studies using EZ therapy for a median of 62-64 weeks in patients with active PE-dependent chronic aHUS, results showed significant improvement in platelet counts, renal function and quality of life. 15 The appropriate duration of therapy is not clearly defined; early discontinuation is associated with recurrence (estimated 25-50%). Patients with identified genetic mutations and transplant recipients are at increased risk for recurrence due to ongoing endothelial injury mediated by drugs, immunologic insults, infections, etc. Long-term therapy with EZ is associated with an immense cost burden. Withdrawal protocols need further studies.
EZ has indeed opened the path for kidney alone transplantation in aHUS. Deceased donor or living unrelated donor transplantation is preferably recommended as living related donors might be at risk to aHUS after donation. Living related donors could be considered in special circumstances when the recipient's culprit mutation is clearly established, and the donor testing for the same mutation is negative. Posttransplant prophylactic EZ requires recipient risk assessment. Patients at low risk of recurrence (e.g., patients with mutations in MCP or anti-CFH antibody negative patients) need close monitoring to no initiation of therapy unless disease manifests. However, patients at high risk for recurrence (history of early recurrence in prior transplant or a family member, mutations in CFH or gain of function in C3 or CFB) should plan for prophylactic EZ therapy with or without PE. Those patients also need consideration for combined liver-KT. Use of EZ for a year is associated with an approximate cost of $600,000. 16 However, these costs should be weighed against the costs required with PE, central line, hospitalization, impaired renal recovery, ESRD and reduced healthrelated quality of life.
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C3 GLOMERULOPATHIES
Dense Deposit Disease DDD is characterized by EM conversion of lamina densa of GBM into thick, strand-like, electron-dense material with characteristic C3 stain by immunofluorescence and no complex immune deposition. DDD predominantly affects whites in childhood to adolescence, and approximately 50% progress to ESRD within 10 years of diagnosis. Nasr et al, 18 in a North American cohort of 32 cases, described the natural course of DDD. The majority (80%), especially in children, demonstrated low C3 levels with the detectable C3Nef. Patients commonly presented with nephrotic range proteinuria, microscopic hematuria. Membranoproliferative glomerulonephritis features on light microscopy were noted in approximately half of these patients. Funduscopic examination shows Drusen bodies in some patients with DDD. This study was before the era of EZ, and hence, therapy included predominantly RAS blockade with or without additional immunosuppressive therapy. Overall, 25% of these patients progressed to ESRD. Factors predictive of ESRD included older age, high serum creatinine at diagnosis and degree of arteriosclerosis on biopsy. 18 DDD is associated with almost universal recurrence post-KT with approximately 45% of patients losing allografts to recurrent disease within 5 years of transplantation.
C3 Glomerulopathy
C3GN differs from DDD regarding the location of C3 deposition within glomeruli by the presence of subendothelial and mesangial deposits exclusively staining for C3 by immunofluorescence with no immunoglobulins. EM shows no intramembranous deposits to differentiate from DDD. Pathogenesis is driven by fluid phase AP activation by a C3Nef. Most C3GN cases show membranoproliferative glomerulonephritis features with endocapillary proliferation by light microscopy. Approximately 30%-50% of patients with C3GN slowly (in decades) progress to ESRD in reported series with poor renal prognosis.
Treatment of C3 Glomerulopathy
As with any glomerulopathy, RAS blockade remains part of therapy along with lipid-lowering therapy. Plasma therapy can be used in patients with identified antibodyactivating AP. Corticosteroids, mycophenolate mofetil and rituximab have been used with inconsistent success. 19 Bomback et al 20 report their original experience with the use of EZ in C3 glomerulopathy in the first 6 patients (3 with DDD and 3 with C3GN) in an open label unblinded study. This is the first report of the use of EZ for C3GNs. The dosage of EZ was chosen based on prior regimens used in aHUS and continued for a total duration of 1-year. Two of the 6 patients showed improvement in renal function, 1 patient had partial improvement in proteinuria, and 1 patient showed stabilization of laboratory values with improvement in biopsy findings posttherapy. 20 Improvement in clinical parameters in this study was more profoundly noted in patients with elevated serum MAC. Again, the duration of therapy with EZ remains undetermined in these conditions as well.
Compstatin is a C3 inhibitory peptide that blocks the interaction between C3 and its convertase and prevents complement activation via all the 3 pathways. CP 40, a compstatin analog, is a selective C3 inhibitor. In vitro studies have shown CP40 to be effective in preventing complement-mediated hemolysis by sera of patients with C3GN and also strong inhibition of dysregulated AP activation by autoantibodies and genetic mutations. Hence, CP 40 (early, C3 level, the blockade of complement activation) may offer promise in the treatment of C3GN and DDD (as C3d is the central complement fragment deposited) and is currently being tested in patients with adult macular degeneration where complement degradation products occur. Several clinical trials using targeted complement inhibition with novel agents are ongoing and may offer hope in treating these conditions. 21 
CONCLUSIONS
Targeted complement inhibition has considerably improved the prognosis of patients with aHUS and in some of the C3GN cases. It has been shown to prevent recurrence of these diseases post renal transplantation as well. However, it is not clear how long targeted complement inhibition needs to be maintained, and long-term use of this drug, which is required in these diseases (owing to the inherent risk of recurrence), is not feasible because of cost burden. Future studies focusing on safe withdrawal protocols will be helpful. Several new complement inhibitory therapies are in the pipeline, including monoclonal antibodies and small interfering RNAs, which may offer promising results soon. 5 
